Bombesin-like neuropeptides, including mammalian gastrin-releasing peptide (GRP), are potent mitogens for Swiss 3T3 cells. In this study, we have characterized the bombesin receptor in membrane preparations from these cells. Addition of Mg2" during cell homogenization was essential to preserve 125I-GRP binding activity in the resulting membrane preparation. The effect of Mg2" was concentration dependent, with a maximum at 5 mm. Specific binding of 125I-GRP was saturable; Scatchard analysis indicated a single class of high-affinity sites of Kd = (2.1 + 0.3) x 10-10 M at 15°C and Kd = (1.9 +0.4) x 10-10 M at 37°C, and a maximum binding capacity of 580 + 50 fmol/mg of protein (15°C) or 604 + 40 fmol/mg of protein (37°C). The kinetically derived dissociation constant was 1.5 x 10-10 M. 125I-GRP binding was inhibited in a concentration-dependent manner by various peptides containing the highly conserved C-terminal heptapeptide of the bombesin family, including bombesin, GRP, neuromedin B and the 8-14 fragment of bombesin. In contrast, a variety of structurally unrelated mitogens and neuropeptides had no effect. 
INTRODUCTION
Regulatory peptides which act as local hormones or neurotransmitters are increasingly implicated in the control of cell proliferation (reviewed in [1] ). In particular, bombesin [2] and mammalian peptides structurally related to bombesin including gastrin-releasing peptide (GRP) [3] [4] [5] [6] are potent mitogens for Swiss 3T3 cells [7] [8] [9] , and may act as autocrine growth factors for small cell lung carcinoma [7, [10] [11] [12] [13] [14] [15] . Before stimulation of DNA synthesis in 3T3 cells, bombesin and related peptides elicit a set of early responses (reviewed in [16] ), including enhanced phosphoinositide metabolism [17] [18] [19] [20] , Ca2l and Na+ fluxes [18] [19] [20] [21] , activation of protein kinase C [9, [22] [23] [24] [25] [26] and induction ofthe cellular oncogenes c-fos and c-myc [27, 28] The elucidation of the mechanism of bombesin-stimulated mitogenesis requires the characterization of specific receptors for this peptide in Swiss 3T3 cells. "251-labelled GRP binds to high-affinity receptors in intact Swiss 3T3 cells [8] and can be cross-linked to an Mr 75000-85000 glycoprotein [29] [30] [31] [32] . Subsequently, '25I-GRP is rapidly internalized and degraded by intact Swiss 3T3 cells through a lysosomal pathway [33] . The mechanism of coupling of the bombesin receptor to the signalling systems that trigger mitogenesis remains unclear [27, 34, 35] . A recent report showed that GTP analogues caused only a small reduction of bombesin binding to 3T3 cell membranes [35] . Hence further experimental work is necessary to define whether a guanine-nucleotidebinding protein [G-protein(s)] is involved in the mechanism of bombesin action in mitogenesis.
The purpose of the present study was 
Cell culture
Cultures of Swiss 3T3 cells [36] were maintained in 90 mm Nunc Petri dishes in Dulbecco's modified Eagle's medium containing 10 % fetal bovine serum, penicillin (100 units/ml) and streptomycin (100 ,ug/ml) in humidified air/CO2 (9:1) at 37 Slab gel electrophoresis was performed using 8 % acrylamide in the separating gel and 4 % in the stacking gel, and 0.1 % SDS [38] . After electrophoresis, gels were stained, destained and dried down on to paper for autoradiography with Fuji X-ray film. Dried gels were exposed for 2-4 days at -70 'C. Autoradiograms were scanned using an LKB ultrascan XL densitometer and the incorporation of radioactivity into the Mr 75000-85000 band was quantified using the Ultroscan XL internal digital integrator.
RESULTS
Specific binding of 125I-GRP to Swiss 3T3 cell membranes: requirement for Mg2"
Initial experiments revealed that membrane fractions of Swiss 3T3 cells prepared according to various procedures that were used for other growth factor receptors [39] [40] [41] [42] [43] [44] failed to exhibit any consistent specific binding of '25l-GRP. However, addition of Mg2+ during the homogenization of the cells as well as during the binding assay resulted in a striking increase in the specific binding of 1251I-GRP to membranes. MnCl2 at 2.5 mM only partially substituted for MgCl2 (30 % of maximum binding), whereas CaCl2 had no effect. MgSO4 was as effective as MgCl2. Specific 1251I-GRP binding as a function of membrane concentration was linear up to 50 ,tg of protein.
The dependence on Mg2+ concentration of 1251I-GRP specific binding is shown in Fig. 1 . Maximum binding was obtained when Mg2+ was present at 5 mm during both the cell homogenization and the binding assay. In contrast, addition of various concentrations of Mg2+ to the binding medium using membranes prepared in the absence of this ion increased the specific binding of 1251I GRP to only 25 % of the maximum specific binding (Fig.  1 ). This indicates that Mg2+ is required to stabilize the binding activity during the homogenization step.
Specific binding of 1251-GRP (0.5 nM) to membrane fractions of Swiss 3T3 cells prepared in the presence of 5 mM-Mg2+ was reduced markedly by addition of either unlabelled bombesin or GRP at 100 nM, but it was not inhibited by other mitogens or neuropeptides ( (Fig. 2 b) All other details were as described in the Experimental procedures section. and a Bmax of 604 +40 fmol/mg of protein (Fig. 2b) .
These values of Kd are in agreement with the value of Kd calculated on the basis of the rate of constants of association and dissociation shown in Table 2 .
Vol. 265 The neuropeptide substance P neither inhibits the binding of 125I-GRP to 3T3 cells nor stimulates DNA synthesis in these cells [7, 8] . However, substance P antagonists are potent bombesin antagonists in 3T3 cells [45, 46] . It should be noted that the displacement of 125I-GRP bound to membranes ranges from 10 % to 90 % over almost two log units of competitor concentration, suggesting a non-cooperative mode of binding for the non-radioactive agonists and antagonists. Furthermore, the IC50 values for agonists and antagonists causing inhibition of specific 1251I-GRP binding to membranes obtained from Fig. 3 correlated extremely well (r = 0.98) with the IC50 values for binding to intact cells [8, 46] .
Cross-linking of 125I-GRP to its receptor in membrane preparations
Membranes from Swiss 3T3 cells prepared in the absence or presence of 5 mM-Mg2+ were incubated with 125I-GRP and subsequently treated with the homobifunctional disuccinimidyl cross-linking agent EGS. Analysis by SDS/PAGE followed by autoradiography revealed the presence of a single band migrating with an apparent Mr of 75000-85000 in membranes prepared in the presence of Mg2+ (Fig. 4) (Fig. 4) . The level of the Mr 75000-85000 band decreased gradually with increasing concentrations of unlabelled GRP (Fig. 4b) .
To assess the specificity with which 125I-GRP recognizes the Mr 75000-85000 protein, membrane fractions were incubated with 1251-GRP in the presence of a variety of mitogens and neuropeptides. As shown in Table 3 
GTPISI inhibition of '25l-GRP binding and cross-linking
To determine whether the mitogenic bombesin receptor is coupled to a G-protein, we examined the effect of the non-hydrolysable GTP analogue GTP[S] on the specific binding of '25l-GRP to 3T3 cell membranes. Fig. 5(a) shows that GTP[S] inhibited "25I-GRP binding in a concentration-dependent manner; the IC50 was 0.17 +0.04 /LM (mean +S.E.M.; n = 6). At 1O /lm, GTP [S] caused a maximal inhibition of '25l-GRP binding of 48+3°% (n=6). Fig. 5(c) shows that the level of the cross-linked complex was markedly decreased by GTP[S] in a concentration-dependent manner. The IC50 was 0.2 sM and the maximal reduction (54+300; n = 5) was achieved at IO/tM. In other experiments, we found that p[NH]ppG and GTP also inhibited '25I-GRP binding and decreased the amount of the Mr 75000-85000 affinity-labelled band, whereas GMP, ATP and ATP [S] , all tested at 1O/M, had no inhibitory effect (Figs. 5b and 5d) .
To define whether the GTP[S]-induced inhibition of '251-GRP binding was due to a decrease in affinity or in the number of available receptors, the specific binding of 125I-GRP to membranes was measured as a function of increasing concentrations of the radiolabelled ligand in the absence or in the presence of 10 ,M-GTP[S]. As shown in Fig. 6 , Scatchard analysis of these binding data demonstrated that addition of GTP[S] caused a marked increase in Kd [from (1.7+0.2) x 1010M to (4.3 + 0.6) x 10-10 M; n = 3], but did not change the Bmax. Under identical experimental conditions, the binding of various concentrations of 125I-EGF, which binds to a tyrosine kinase receptor not linked to a G-protein, was completely unaffected by 10,M-GTP[S] (Fig. 6, inset) . 
DISCUSSION
The characterization of bombesin receptors is an essential step in the elucidation of the molecular basis of the potent mitogenic response initiated by neuropeptides of the bombesin family in cultures of Swiss 3T3 cells. Although binding of 1251-GRP to whole cells has provided valuable information [8, [29] [30] [31] 46] , it has also been shown that 125I-GRP is rapidly internalized and subsequently degraded by intact Swiss 3T3 cells through a lysosomal pathway [33] . In many cases, the use of membrane preparations that retain specific binding has provided a useful approach with which to measure precisely the kinetic and equilibrium characteristics of the binding reaction, to identify the binding component(s) and to examine the existence of receptor-G-protein coupling.
Several procedures to prepare membranes from cultured cells and tissues that had succeeded for other growth factor receptors [39] [40] [41] [42] [43] [44] [8, 45, 46 ] also inhibited '25l-GRP binding to membranes. The relative potency of various non-radioactive agonists and antagonists in displacing 125I-GRP from membrane preparations correlates extremely well (r = 0.98) with the relative abilities of these peptides to inhibit '25I-GRP binding to intact and quiescent Swiss 3T3 cells. Finally, the relative potency of the bombesin agonists to elicit Ca2l mobilization [19, 21] , ouabain-sensitive Rb+ uptake [21] , protein kinase Cmediated phosphorylation of an acidic Mr 80000 substrate [22, 25] , inhibition of '25I-EGF binding [9, 22] , enhancement ofcyclic AMP accumulation [47] , induction of c-fos and c-myc expression [28] and stimulation of DNA synthesis in Swiss 3T3 cells [7, 8] is the same as their relative abilities to inhibit specific binding of 125I-GRP to membranes derived from 3T3 cells. Taken together, these results indicate that the high-affinity binding sites measured in membrane preparations during this study represent the receptor that mediates the mitogenic effects of the peptides of the bombesin family.
Specific binding of 125I-GRP to membrane preparations of Swiss 3T3 cells was rapid, reversible and consistent with a bimolecular interaction. Scatchard analysis of equilibrium binding data gave a Kd 2.1 x 10-1 M.
Using the rate constants of association (kl) and dissociation (k2), we calculated an apparent equilibrium dissociation (Kd) of 1.5 x 10-1 M. Hence the kinetically derived equilibrium constant was in agreement with the Kd obtained from equilibrium binding measurements. These results are consistent with a single population of GRP binding sites in membranes of Swiss 3T3 cells. The Kd values measured in membranes are considerably lower (3-10-fold) than the apparent Kd measured previously in intact Swiss or NIH 3T3 cells at 37°C [8, 31] . At this temperature, bound 125I-GRP is rapidly internalized, degraded and then released by intact cells [33] , so the concentration dependence with which 125J radioactivity associates with whole cells is likely to differ from that obtained with membranes, in which the binding reaction proceeds in the absence of ligand internalization.
A cell surface glycoprotein of apparent Mr 75000-85000 has been identified by chemical crosslinking as a major component of the bombesin receptor in whole Swiss 3T3 cells [29] [30] [31] . However, others observed additional cross-linked bands [32] . It has also been reported that an Mr 115000 protein in Swiss 3T3 cells is phosphorylated at tyrosine in response to bombesin [48] , and the possibility that the bombesin receptor is associated with this kinase activity was raised. However, bombesin-stimulated tyrosine kinase was not detected by another laboratory [23] , and the Mr of the tyrosine phosphorylated band did not coincide with that of the putative receptor identified by affinity cross-linking in whole cells [29] [30] [31] . Hence it was of interest to identify by chemical cross-linking the component(s) that specifically recognizes 115I-GRP in the membrane preparations used in this study. We found that the disuccinimidyl cross-linking agent EGS covalently linked '25l-GRP to an Mr 75 000-85 000 protein in membrane preparations of Swiss 3T3 cells. Affinity labelling of this component was specific, and was only observed with membranes prepared in the presence of Mg2". To our knowledge, this is the first time that 125I-GRP has been cross-linked to a protein binding site in a cell-free preparation of any target cell or tissue. A salient feature of our results is that the Mr 75000-85 000 affinity-labelled band was the major crosslinked complex detected in the membranes, and appears identical to the major cross-linked complex shown in this [29, 30] and other [31] laboratories with 3T3 cells. These findings strongly suggest that the Mr 75 000-85 000 protein identified in membrane preparations and in whole 3T3 cells is the receptor, or a binding subunit of the receptor.
The availability of membrane preparations that retain specific bombesin receptors is useful in the identification of the signal-transduction mechanism(s) that couples the receptor for these neuropeptides with the generation of intracellular events. A decrease in ligand affinity for receptors produced by added guanine nucleotides is characteristic of a receptor-G-protein interaction [49] .
The results presented here demonstrate that the nonhydrolysable GTP analogue GTP[S] caused a specific and concentration-dependent inhibition of 125I-GRP binding and cross-linking to 3T3 cell membranes. The effect is due primarily to an increase in the equilibrium dissociation constant rather than to a decrease in the number of receptors. This modulation of ligand affinity by guanine nucleotides provides evidence that a G-protein couples the mitogenic bombesin receptor with intracellular effector systems.
Evidence for the role of G-proteins in signal transduction pathways can be obtained by assessing the effects of guanine nucleotide analogues on receptor-mediated responses in permeabilized cells. Recently this laboratory reported that bombesin stimulated the phosphorylation of a major protein kinase C substrate in permeabilized cells and that guanosine 5'-[If-thio]diphosphate inhibited this stimulation in a selective manner [25] . These results are consistent with the proposition that the bombesin receptor that mediates mitogenesis in Swiss 3T3 cells is directly linked to a G-protein signal transduction pathway.
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